Correlations between environmental parameters (thermal range and noxious gas levels) and the status (productivity, physiological, and behavioral) of growing pigs were examined for the benefit of pig welfare and precision farming. The livestock experiment was conducted at a Seoul National University station in South Korea. Many variations were applied and the physiological and behavioral responses of the growing pigs were closely observed. Thermal and gas environment parameters were different during the summer and winter seasons, and the environments in the treatments were controlled in different manners. In the end, this study finds that factors such as Average Daily Gain (ADG), Adrenocorticotropic Hormone (ACTH), stress, posture, and eating habits were all affected by the controlled environmental parameters and that appropriate control of the foregoing could contribute to the improvement of precision farming and pig welfare.
Introduction
Environmental parameters in livestock houses, such as temperature and humidity, have been typically used as indicators to evaluate the indoor aerial environment for the different growth phases of livestock, based on their productivity. Thermal environmental parameters, however, may not be accurate indicators because they do not directly reflect the physiological responses of the animals to their surroundings. From the animal's point of view, a difference may exist between actual physiological comfort and what is considered an optimum range of physical environment parameters.
Ambient temperature is a most important environmental parameter for pigs because it directly affects their productivity. Temperatures beyond the acceptable range reduce pig growth rate by decreasing feed intake. Such an effect negatively affects the growth period of the pig and reduces its productivity level. Nienaber et al. reported no significant differences in performance for temperatures ranging from 5 C to 15 C, and average daily gain (ADG) was not significantly affected when temperatures ranged between 5 C and 20 C. Although ADG was not significantly correlated to ambient temperature, and ADG variations were not significant at different ambient temperatures, the optimum temperature of 20 C provided the highest ADG for pigs [1] . Lemay also studied the ADG of pigs in two temperature-set point patterns: 25.9-19.7 C for control and 25.7-18.1 C for treatment in a pilot experiment over the summer months [2] . ADG in the treatment increased by 5.2% compared to the control. However, no significant statistical difference of ADG was found (P > 0.05) between the two trials.
Evaporative losses at optimum temperatures were less than 10% of total heat loss. Evaporation becomes an important factor of heat loss when the air temperature approaches the pig surface temperature and sensible losses are reduced [3] . As such, humidity levels are important at high temperatures. Rafai and Papp found that relative humidity only affected the heat production or heat balance of pigs when temperatures were above 33 C and humidity levels were over 90% [3] . At 29 C (a high temperature), fully grown up pigs showed no difference in growth characteristics at humidity levels of 35% or 85% [4] . Thus, humidity has little or no direct role in the performance of growing pigs when the air temperature is below 30 C. Nevertheless, higher levels of humidity at higher temperatures may not be acceptable to farm personnel [5] , the building structure [6] , and the spread of diseases [7] .
Noxious gases such as ammonia (NH 3 ) and carbon dioxide (CO 2 ), can affect an animal's health and productivity in several direct and indirect ways. The duration of exposure, the concentration levels and the simultaneous presence of other aerial pollutants or environmental factors can cause significant harm. While acute exposure for only several minutes in a day may cause harm, chronic exposure is considered being consistently exposed for several days or months. An animal's behavior during acute or chronic exposure to ammonia results in a number of physiological mechanisms and reflects how the animal 'feels' about being exposed to the noxious gas. Morrison observed a growing pig facility by adjusting ammonia ranges from 17.7-50.0 ppm and carbon dioxide ranges 4,950-10,000 ppm while keeping a ventilation rate of 2-4 ACH (air change per hour) [8] . Such ammonia and carbon dioxide concentrations far exceeded the recommendations by Donham [9] who suggested, from his study on association of environmental air contaminants with finishers' disease and productivity, that concentrations up to 7 ppm NH 3 and 1,540 ppm CO 2 were not harmful. Both researchers concluded that ammonia concentrations in commercial facilities were unlikely to be significant and stated that the level of ammonia present in commercial buildings appears to be of no great consequence to the animal's perceived well-being. Another researcher, Stombaugh [10] , investigated the productivity of pigs at four ammonia concentration levels (10, 50, 100, 150 ppm). He found that feed consumption of growing pigs and ADG showed significant adverse effects, but feed conversion was not affected at the higher ammonia levels (100, 150 ppm).
Massabie reported that high levels of gases (NH 3 , CO 2 ) could decrease appetite and ADG at temperatures of 17 C, 20 C, 24 C or 28 C. The experiment was performed on a total of 672 growing and finishing pigs [11] . Massabie carried out two experiments, each involving 192 feeders, to determine the effect of air movement and ambient temperature on the performance and behavior of pigs [12] . The treatments included three ambient temperatures (28 C, 24 C and 20 C) combined with two air velocities (still air or 0.56 m/s increasing up to 1.3 m/s). Relative humidity remained constant at 65-70%. Fresh air renewal rates and hygrometry were the same for all treatments. Animal performance (weight gain, feed conversion) was measured throughout the entire trial period. At temperatures of 28 C and 24 C, increasing air velocity improved growth rate and feed consumption but decreased feed efficiency. At an ambient temperature of 20 C, high air velocity increased food consumption but both growth rate and feed efficiency decreased. Pigs housed at 24 C with still air were less active and the lying area was greater than such pigs housed at a cooler environmental temperature (20 C) or with higher air movement. At an ambient temperature of 20 C with high air velocity, 90% of the pigs began to huddle together. Interactive assessment and control of swine thermal comfort was observed and developed by using real-time computer image analysis of pig resting patterns [13] . The researchers were able to develop an image processing algorithm system by using paper-cut pigs in laboratory settings and briefly validating using live pigs in production settings.
The purpose of this study was to examine the correlation between thermal and gas environment parameters, and the productivity, physiological, and behavioral responses of growing pigs for well-being and precision farming.
Materials and Methods

Experimental Bays and Animals
This study was performed at the collegiate livestock experiment station at Seoul National University, South Korea. The summer experiment was conducted for a month that started on The growing pigs for the experiment were three-way crossbred: Landrace × Yorkshire × Duroc. The confinement house comprised ten pens, each of which housed four pigs about 60 days old, with average weights of 60 to 65 kg. The weight of the pigs was averaged for the twelve pigs in the three pens shown in Figures 1 and 2 . The same was done for blood sampling in both bays, each of which housed 40 growing pigs. They were fed diets ad libitum, and were allowed to drink freely from nipple waterers attached on the fence. Wastes were collected through a plastic flooring system into a pit and the slurry was drained when the pigs were moved to the next growth phase house. 
Animal Behavior Observation
The pigs were observed for their behavioral responses to different microclimates (Treatment 1 and Treatment 2 during the summer and winter). The number of pigs in each bay was counted and their pose (lying, standing, sitting, drinking, eating, and fighting) was recorded at every hour from (10:30 AM through 6:30 PM) on the 3rd and 6th day of each week. Only a few minutes were required to count the pigs posing different behaviors in the bays. Figure 1 shows the sampling locations of the experiment bay for temperature, humidity and blood samples. Thermal environment parameters-temperature and humidity-were automatically recorded at 0.6 m above the floor. The measurements were stored every hour by the hybrid recorder (NEC 3500, 64 channels) for the entire period of the experiment.
Sample Parameters, Their Measurements and Instruments
The concept of the enthalpy of moist air is included in this study through using the air enthalpy index (AEI), developed by Makoto [14] . The AEI is determined by multiplying the air temperature by its relative humidity. The AEI comfort level of growing pigs is recommended to be within the range of 1,000 to 1,500. The AEI method was included in this study and correlated to other environmental parameters.
Air speed was periodically measured by a Kanomax (Andover, NJ, USA) Model No. 6112 anemometer (range 0~50 m/s). CO 2 , and NH 3 were measured with a Gastec (Kanegawa, Japan) GV-100S precision sampling pump (range 0~30 mg/L) placed at the locations shown in Figure 
Modification of Aerial Environment for the Treatments
Summer
The summer aerial environment was purposely modified by turning fans off and providing no ventilation in the treatment bay when outside air temperature varied between the range of 20.5-27.7 C with a mean relative humidity of 75% in July, 2003. No ventilation in Treatment 2 naturally led to higher indoor humidity, noxious odor concentration, frequent abnormal behaviors and greater stress symptoms. The experiment bay for Treatment 1 maintained a ventilation rate of 1.68 m applied to the Treatment 2 bay when outside air temperature varied within the range of −3.0~7.5 C, with a mean relative humidity of 56%, in February 2004. This resulted in a chilly environment for the growing pigs but it lowered indoor humidity, noxious odor concentration, frequent abnormal behavior, and higher stress symptoms.
ACTH Measurement by Blood Sample
The blood samples (approximately 15 mL) were collected using heparin syringes in Treatment 1 and Treatment 2 bays at 6:00 PM in both seasons. Blood tubes were stored in ice cubes and subsequently centrifuged with the resultant plasma divided into aliquots and stored at −20 C and transferred to the special research institute for the assay of ACTH, which is produced in response to biological stress.
Statistical Analysis
The t-test utilizing SPSS (version 17.0) was performed to assess whether the means of two groups were statistically different. This analysis is appropriate to compare the means of two groups, and especially appropriate as the analysis for the post test-only two-groups randomized experimental design. Duncan's multiple range tests were also performed to measure the significance among parameters in the Pearson's correlation analysis.
Results and Discussion
Summer
The mean values, which include air speed, temperature, and humidity for thermal environment; NH 3 and CO 2 for indoor noxious gas environment; ACTH for animal welfare; and ADG and FE for production performance, are shown in Table 1 . In addition, animal behaviors such as lying (lateral and sternal posture), standing, sitting, drinking, eating, and fighting, were observed to relate behavioral response to different environments. The t-test for the two independent groups, Treatment 1 and Treatment 2, were used to assess whether the means and variance of the two groups differed statistically. Treatment 2, with higher density of 0.62 m 2 /head, was manipulated (by not operating the ventilation system) to maintain a harsh thermal environment, whereas ventilation for Treatment 1, with lower density of 0.75 m 2 /head, was maintained properly to investigate how thermal and gaseous environments affect productivity, animal physiology, and animal behavior. Temperature positively correlated to AEI in both Treatments. This is a natural result for AEI, which is calculated by multiplying temperature and humidity. The results of the t-test analysis are shown in Table 1 . The significance levels of all parameters of the two groups were more than 0.01 except 'fighting'-which was not significant. The weight changes in both bays can be formulated mathematically as follows:
where W t is weight at time t in kg, α and β are empirical parameters, and t is production time in days. Figure 3 . The derivative of pig weight with respect to time in Treatment 1 was calculated to be 0.776 kg/day, but only 0.436 in Treatment 2, which was 45% lower. Since the rate of ADG differs with pig growth stage, it would be very interesting to investigate further the relation of the growth stage and ADG.
In Treatment 1, higher CO 2 concentration correlated positively to ADG (P < 0.05) and FE (P < 0.01) in Table 2 . This is not in accordance with the results of previous research work reviewed in this study [11] . This may be attributed to the limited number and range of data used by such studies. As a result, the statistical software could have mechanically produced unrealistic outcomes. FE was positively correlated with ADG at a significant level of 95%. This can be simply explained by the intrinsic definition of both parameters. However FE is also positively correlated with temperature and CO 2 concentration. Such incompatibility is assumed to be caused by data limitation as mentioned above. No statistically significant correlations were found in Gas Environment (NH 3 , CO 2 ) and productivity parameter (ADG, FE) in Treatment 2 in Table 3 . ACTH was observed to relate thermal and gas environments directly to pig productivity. ACTH is known to be a reliable indicator of animals stress. Higher ACTH concentrations may be interpreted as animals having higher stress levels. The mean ACTH was 26.27 pg/mL in Treatment 2, which is 64.5% higher than Treatment 1 of 15.97 pg/mL, as shown in Figure 4 . Regarding behavioral response to thermal and gas environments in the treatments, significantly more pigs were lying (P < 0.05), and not sitting (P < 0.05) at moderate temperature ranges in Treatment 1. This is believed to be caused by higher ADG and FE. The higher productivity of pigs (fattening their body weight) was significantly well represented when displaying the lying pose.
In hot, humid, NH 3 -rich environment in the Treatment 2, more pigs were lying (P < 0.01), and not sitting (P < 0.01) nor fighting (P < 0.05). This may be due to severe exhaustion or the harsh environment setting. The comparatively higher ADG, made pigs stand (P < 0.05) and they only drank frequently (P < 0.05) but did not eat as much (P < 0.05), ultimately leading to decreased levels of ADG.
Winter
Comparisons of Treatment 1 to Treatment 2 during the winter are shown in Table 4 . In the thermal environment, the mean air speed, temperature, and humidity, were 0.89 m/s, 10.7 C and 51.9% in Treatment 2, while the parameters were 0.18 m/s, 19.5 C, and 75.4%, respectively, in Treatment 1. Providing more air exchanges (doubling the minimum ventilation rate) in the Treatment 2 bay lowered the indoor temperature. However, it also diluted noxious gases and water vapors to a greater extent and so lowered NH 3 and CO 2 concentrations, and humidity levels. Treatment 2 is a trade-off situation, environmentally. Although the air speed became higher and the indoor temperature was lower in Treatment 2, all the environment parameters still fell within acceptable ranges.
The results of the t-test analysis are shown in Table 4 . The significance levels of the thermal and gas environments, and productivity parameters of the two independent groups were at the 99.9% level. The behavioral parameters were not as they did not show much significance. The means and variances of Treatment 1 and Treatment 2 were proven to be statistically not the same, except behavioral parameters, unlike the summer case. Humidity positively correlated to AEI in both treatments. As mentioned before, it seems very natural if the definition of AEI is carefully examined because it is determined by multiplying temperature and relative humidity. Figure 5 . The slope in Treatment 2 is 9.5% lower than that in Treatment 1. A higher slope indicates higher ADG of pig weight during the winter growing phase. Although the temperature difference between Treatment 1 and Treatment 2 was about +6 C in summer and −9 C during the winter, their productivity in winter decreased by only 9.5%, compared to that during the summer, which decreased by 45%. This may be attributed to improvement of the gas environment during the winter, and reduced humidity to 52% (excessive ventilation rate was applied). A statistical analysis was also performed for the winter group to examine how the thermal and aerial environments affected productivity, physiology, and behavior. The correlation coefficient, R and probability (P-values) for Treatment 1 are displayed in Table 5 , and Treatment 2 in Table 6 .
The mean ACTH in Treatment 2 was 36.61 pg/mL, which was 21% higher than for Treatment 1 (30.24 pg/mL as shown in Figure 6 ). This result is consistent with the outcomes of ADG, which is one of the direct productivity parameters in this study. In Treatment 1, correlations of gas environment parameters were not significant with productivity. However, in Treatment 2, humidity positively correlated with CO 2 concentration, and temperature positively influenced to ADG (P < 0.05) which fluctuated 10.7 ± 1.1 C. In such temperature ranges, warmer temperature raises ADG.
The mean ACTH in the treatment was 36.61 pg/mL, which was 21% higher than Treatment 1 (30.24 pg/mL as shown in Figure 6 ). This result is consistent with the outcomes of ADG, which again is one of the direct productivity parameters in this study. With regard to the behavioral response to thermal and gas environments in both treatments, in Treatment 1, significantly more pigs were eating (P < 0.01) at moderate temperature ranges. More pigs were lying, than standing, which seemed normal in Treatment 1. In Treatment 2, at a lower temperature, fewer were drinking (P < 0.05), and fighting (P < 0.05). Higher stress levels lend pigs to take a more sternal recumbency posture (P < 0.05) and fewer in standing (P < 0.05). Among behavioral responses, more pigs tended to fight for access to the only drinking nipple in the pen.
Conclusions
This study was performed to investigate the correlation between thermal and noxious gas environment parameters, and productivity, physiological, and behavioral responses of growing pigs. The environments were modified by controlling ventilation rates during the summer and winter. Results may be summarized as follows:
Thermal and Gas Environments-ADG: During summer, the ADG rate was 67% higher in Treatment 1 than in Treatment 2. During winter, the ADG was c. 10% higher in Treatment 1 than in Treatment 2. This indicates that hot and humid environments with higher noxious gas concentrations or colder thermal environments depress pig productivity.
Thermal and Gas Environments-ACTH:
The mean ACTH was 26.27 pg/mL in Treatment 2, which was 64.5% higher than that of Treatment 1 (15.97 pg/mL) during the summer. During the winter, ACTH of Treatment 2 (36.61 pg/mL) was 21% higher than that of Treatment 1 (30.24 pg/mL). Such results are consistent with the observed values of ADG, a direct productivity parameter. As a side note, significantly cold environments were observed to result in severe pig stress.
Thermal and Gas Environment-Behavioral Response:
During summer, more pigs took a recumbent (P < 0.05) posture at moderate temperature ranges in Treatment 1, which is believed to result in higher ADG and FE. In hot, humid, and NH 3 -rich environment in Treatment 2, more pigs were lying (P < 0.01), due to severe environmental exhaustion. During winter, significantly more pigs were eating (P < 0.01), and lying in a lateral recumbent pose than at moderate temperature ranges. In Treatment 2, cold temperatures resulted in more pigs taking a sternal recumbent posture (P < 0.05), and few were standing (P < 0.05) or drinking (P < 0.05).
It is observed that the thermal and gas environments seriously influenced the productivities and degree of stress in terms of ADG, FE and ACTH for growing pigs in both seasons. In future studies, a representative indicator for pig welfare should be drawn and its relation with thermal and gas environments should be researched.
